In more current scientific terms, the maternal and fetal circulations serve, along with the placenta, as living links in a complex chain that carries oxygen from the external environment to the fetal cells of humans and of most other mammals. The systematic study of the links and their relationships was begun by Barcroft' and is being systematically extended by a large number of investigators, many of whom were trained and inspired by Donald H. Barron. A review of this chain of oxygen supply will serve as a basis for some quantitative estimates of the importance and magnitude of each of its links, and for considering the evidence that maternal heart disease is a handicap to conception, pregnancy, delivery, and the survival of the new organism. A. the process of ventilation, which regulates the oxygen and: carbon dioxide pressures in maternal alveolar air, B. the alveolar-capillary membrane of the lung, across which gas diffuses, C. the maternal circulation which provides oxygenated blood to the placental membrane, D. the placental membrane, across which oxygen diffuses in conformity with the laws governing diffusion, E. the fetal circulation, whose function, from our standpoint, is to pick up oxygen from the maternal intervillous space through the capillaries of the villi and distribute it to the component cells of the fetal body, and F. the tissue capillaries of the fetus where the oxygen diffuses to its intracellular sites of utilization. Some of the links in the chain require continuous inputs of metabolic energy. These are: maternal ventilation, which requires the work of ventilatory muscles; the maternal circulation, which depends upon the work of the mother's heart; and the fetal circulation, which functions because of the energy expenditure of the fetal heart. The intervening steps depend upon diffusion, a physically motivated process which is driven by a gradient in the partial pressure of oxygen. Therefore, the partial pressure (or tension) of oxygen is vitally important at three key points in the chain of oxygen supply to fetal tissue. Factors, biological or physical, which increase oxygen tension act to improve fetal oxygenation and anything which acts to decrease oxygen tension anywhere along the chain threatens fetal oxygen supply. The total gradient in the partial pressure of oxygen from environmental air to the fetal tissues amounts to approximately 135 mm Hg at sea level.
The complexity of this pathway of oxygen supply has repeatedly been stressed and considered as a chain because the function of a chain depends upon the integrity of all its component links. But biological chains have inherent potentials which do not exist in non-living chains; when one link in a biological chain is weakened by disease, the remaining links can often compensate for the weakness. The sum total of such compensations is called adaptation, and it can occur in the chain of fetal oxygen supply. Our central interest is in disorders of the maternal circulation and their effects on reproductive performance, but the concept of adaptation can be illustrated by reviewing the more definable problem posed by maternal residence at high altitude. REPRODUCTION Each of these responses to the challenge of low atmospheric oxygen tension is a compensatory mechanism. The effectiveness of each is expressed by a decrease in the gradient of oxygen pressure involved in oxygen transfer across its particular link. The sum total of these deviations from sea level physiology is adaptation, and its power is shown by the fact that there is a decline in the overall oxygen pressure gradient from 135 mm Hg at sea level to about 70 mm Hg at an altitude of 15,000 feet. Indeed, they are so effective that Barron and his colleagues' could not find significant differences between the gaseous environment of fetal lambs at 15,000 feet when comparing them with sea level lambs.
Nevertheless, the compensation is not always successful. Dr. Carlos
Monge,7 in his charming book called Acclimatization in the Andes, quotes
Antonio de la Calancha to the effect that when the imperial city of Potosi was first founded there were 100,000 natives and 20,000 Spaniards taken with the fever for riches which made the city so famous. "While the former went on reproducing with customary Indian fertility, the latter either did not succeed in having children or they did not survive. In addition to the overall increase of maternal cardiac output, there is a redistribution of blood flow within the maternal organism with a high priority, under resting conditions, given to the pregnant uterus. Again, the magnitude of uterine blood flow seems to be related to fetal size; one woman with a twin pregnancy had a uterine blood flow at term of 1 liter/min., just about twice the average value found from studies of single pregnancies.'
Whatever the etiology of the circulatory changes which occur during mammalian pregnancy, they seem designed to provide the developing embryo with adequate blood for its proper maturation. Impairment of the maternal circulation, if severe enough, threatens the integrity of the chain of oxygen supply to the fetus. Of course, threshold values below which fetal survival is impossible or unlikely have not been established; that is, no one knows how much (if any) of the increases in cardiac output and uterine blood flow are essential for the proper development of the human fetus. The best that can be done at present is to identify those situations of circulatory disease which have been recognized as dangerous to the fetus.
Maternal anemia
Maternal anemia has been shown to be associated with an increased incidence of congenitally defective offspring.'" From the standpoint of oxygen transfer this is understandable, since both the quantity of maternal blood supplying the uterus and placenta and also the quality of that blood exert a powerful effect upon the intervillous oxygen tension. Furthermore, from the standpoint of oxygen supply, the quality of blood involves not only its capacity to carry oxygen-that is, its hemoglobin concentrationbut also its ability to maintain a high oxygen tension during oxygen loss in peripheral capillaries or the intervillous space. This latter characteristic is expressed by the position of the oxygen dissociation curve of blood.
Maternal heart disease restricting cardiac output One group of circulatory diseases that might weaken the chain of oxygen supply to the fetus are those associated with low rates of cardiac output, but evidence in support of this hypothesis is scanty. Buemann and Kragelund'6 found that mothers with acquired heart disease (usually rheumatic in origin) are more likely to have premature infants, whether prematurity is judged by gestational age or low birth weight. Niswander and Berendes'" found an increased incidence of low birth weight children among those produced by women with organic heart disease, and a reduction in Apgar scores at five minutes among children born of these women. Although a decrease in fetal size may be viewed as an intrauterine adjustment to threatened hypoxia, small infants are liable to high mortality and morbidity.
The importance of maternal cardiac competence to reproductive success is emphasized by Buemann and Kragelund's finding that the more the maternal circulation deteriorates during pregnancy the greater is the degree of prematurity as judged by the birth weight of their infants.
Cyanotic heart disease of the mother Women with cyanotic heart disease are handicapped in supplying their tissues and their fetuses with appropriate amounts of oxygen because their arterial blood becomes mixed with venous blood before it reaches the periphery. We studied' a few of these women during pregnancy and identified some of the adaptations which have already been listed as typical compensations to high altitude. These included maternal polycythemia, displacement of the oxygen dissociation curve of maternal blood to the right, and delivery of babies of low birth weight. In addition, the newborn babies of two of these women with cyanotic heart disease had blood with unusually high hemoglobin concentrations, suggesting fetal polycythemia, and values for oxygen saturation in cord blood at pelvic delivery which were lower than typical values in normal women. These latter findings suggest-as do the low birth weights-that maternal compensations were not adequate to restore the oxygen tension in the fetal environment to normal, and that fetal adjustments had been called into play. There are clinical corollaries that support this suggestion, and our present concept is that the woman with cyanotic heart disease provides a subnormal uterine blood oxygen capacity at term of 16 vols%7o, and a normal arterial oxygen saturation of 96%o, the extraction of oxygen from intervillous space blood will cause a fall in oxygen concentration and pressure along the line from A to V. The calculated value for mean intervillous oxygen tension is 50 mm Hg in that case and is indicated by the arrow farthest to the right. In our patients with cyanotic heart disease, the average maternal arterial oxygen saturation was 82%o. If no adaptations had taken place, oxygen concentration and tension would have traveled along the normal oxygen dissociation curve from A' to V' and the mean intervillous oxygen tension would have declined from 50 mm Hg in the normal case to 32 mm Hg in the cyanotic patient. The adjustments we have described in cyanotic heart disease are indicated by the rightward displacement of the oxygen dissociation curve and the oxygen capacity of 24 vols%' found in these blue patients. The higher oxygen capacity means that a smaller decline in percent saturation will result from a given amount of oxygen extracted. As a result of these two compensatory adjustments, the oxygen saturation and tension will fall along the dotted line on the right, from a to v. With these adjustments a mean intervillous oxygen tension of 40 mm Hg will result, clearly an improvement in the driving force that powers the transfer of oxygen from maternal to fetal blood, but still less by 10 mm Hg than would obtain under normal conditions. '8 A systematic study of embryos, fetuses, and children born to cyanotic mothers, anemic mothers and mothers with restricted cardiac output needs to be made in search of other compensatory adjustments. For example, puppies born at high altitude have an increased capillary blood supply in at least some of their tissues2' and high-altitude residents show increased tissue concentrations of some respiratory enzymes.' In Figure 6 , identifiable similarities in adapting the oxygen supply chain between women with heart disease and those at high altitude are indicated. For completeness, maternal pulmonary disease has been included because it should threaten fetal oxygen supply through interference at adjustment at that point in the chain would be expected, none has as yet been identified.
Against this physiological background the clinical data pertinent to the question, "What effect does heart disease in the mother have upon her ability to produce healthy children?" can be summarized. Women with severe heart disease should be handicapped in their ability to attract mates and the poor oxygen supply to all their tissues should jeopardize conception, but there is no firm evidence that these predictions are true or that anyone is making a systematic effort to find out. Certainly, some women with very severe heart disease do marry; some of these become pregnant.
With the adjustments already identified, we would expect that the climate in utero with regard to oxygen availability would be jeopardized. There was no evidence of acute hypoxia or asphyxia at birth in two infants born to cyanotic mothers whom we studied carefully,' but in each case there was a relative elevation in fetal blood hemoglobin concentration. Another evidence of handicapped fetal development is shown in Figure 7 where the birth weights of the liveborn infants of our patients are plotted against their gestational ages and compared with normal percentile curves established by Lubchenco and co-workers.'0 Apparently, substantial intrauterine growth retardation had occurred in the infants born to cyanotic mothers. Another evidence of sub-optimal intrauterine environment is shown by an increased incidence of congenital malformation in infants born to mothers with congenital heart disease. Some of this is genetic, as can be shown by the fact that children of fathers with congenital heart disease also have an increased risk of congenital deformity. On the other hand, the significance of the maternal environment in fetal development is shown by the fact that children of cyanotic mothers are at greater risk than those of cyanotic fathers. ' Copeland and his associates' reported a rate of fetal loss reaching 43%o when maternal pulmonary hypertension or cyanosis complicated maternal congenital heart disease. Similarly, Dr. Barnes in discussing the results of Cannell and Vernon' emphasized the importance of the degree of maternal hypoxia judged by the degree of maternal polycythemia in determining fetal survival. A spontaneous abortion rate of 83%o was noted when the maternal hematocrit exceeded 60%fo. The abortion rate decreased to 15 o when the hematocrit values were below 48%o.
Finally, women with heart disease have an increased risk of death during pregnancy and fetal death usually follows shortly. The maternal mortality in patients classified as having the Eisenmenger syndrome is 27%o in comparison with 4.2%o in patients with tetralogy of Fallot, 4.3%o in patients with coarctation of the aorta, 2%o in all other patients with congenital shunts.' In women with acquired heart disease, the maternal mortality is now less than 1 o in the best series.
Against this pessimistic background of clinical data some rays of hope for the future can be detected. Buemann and Kragelund'6 showed a clear improvement in both maternal and fetal prognosis following successful cardiac surgery on the mother. Such results are dramatic and, therefore, impressive. More important is the continued decline in the incidence of rheumatic heart disease in our population. Further, the early diagnosis and partial or total corrective surgery of congenital heart disease allows female children born with congenital heart disease to enter pregnancy with wide hemodynamic margins of safety. Their fetuses can be expected to profit, to have more normal and more complete development before birth. In addition, genetic counseling and careful supervision during pregnancy can be expected to decrease the incidence of congenital heart disease in future generations. The recognition of specific teratogenic factors and their avoidance in pregnancy has, of course, already begun; even now those who help in the planning and conduct of human reproduction are contributing to the avoidance of congenital heart disease in future generations.
